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Abstract 
Though vibration based health monitoring has been the focus of attention for quite some time, there exist a strong requirement for 
an extensive and comprehensive study on the relative performance of different damage detection algorithms under different 
damage scenarios. To fulfill this objective, a stiffened aluminium plate has been selected to make a comparative study on the 
performance of several vibration based damage detection techniques, namely, Modal Curvature, Gapped Smoothing 
Method/Modal Curvature, Generalized Fractal Dimension and Uniform Load Surface Curvature based on four different criteria: 
variation of damage intensity (i.e., disbond length), position of stiffener and disbond, the effect of noise and capability to detect 
multiple damage. In addition to this, a new approach, based on the curvature of wavelet coefficients, has been presented. It is 
found that this novel approach is extremely effective in determining the presence and location of damage under different 
situations. The entire numerical modelling is done in ANSYS 14.0 and the damage detection algorithms written in MATLAB 
codes have been used to generate the required damage indices using the modal data retrieved from ANSYS. The study ultimately 
enlightens inherent characteristics of the various damage detection algorithms under different damage conditions. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICOVP 2015. 
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1. Introduction 
Debonding is a very common phenomenon in composite laminated plates or between two metallic surfaces 
joined together by adhesives/weld. The problem with debonding is it would reduce the strength of a structure  
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considerably without any visible outside symptoms. Herein lies the importance of constructing effective damage   
detection algorithms that would ensure early detection of damage, thereby, enforcing increased safety, durability and 
improved economic operation of the structures. An excellent review of the development of traditional type damage 
detection techniques between 1968 to 1996 has been given by Doebling et al [1]. In 2006 Hu et al. [2] developed a 
method based on modal analysis and strain energy method to find out surface cracks in composite laminated plates. 
Wu and Law [3] made the first significant contribution in the field of ULS-based damage detection in plate like 
structure. They extended the concept of Zhang and Aktan [4] to two dimensional case. Qiao et al. [5] studied the 
eƥciency of experimentally measured data of two sensor systems (PVDF and SLV).  Li and Huang [6] proposed 
another FD based algorithm for beams with uniform cross section using Katz’s basic definition of FD. Rajasekaran 
and Varghese [7] proposed a wavelet based technique to identify the structural damage. Ratcliơe [8] developed a 
non-baseline based curve fitting algorithm for damage detection called the gapped smoothing method using modal 
curvature. Qiao et al. [9] made a comparative study of GSM, GFD and SEM for composite laminated plates using 
PVDF and SLV sensor systems. Recently, Luo and Hanagud [10], Hong and Chen [11], and Chen and Hong [12] 
have, respectively, carried out the dynamic response analysis of a delaminated beam and plate by employing a 
piecewise linear spring model inserted in the delaminated region. Qiao et al [9] made an alternative arrangement to 
model the delaminated region. The delamination conditions are simulated in the FE model by using the bilinear 
LINK10 elements.  
While several studies have focused on delamination detection in composite beams and plates, there is a lack of 
detailed and comprehensive performance evaluation of different damage detection algorithms and their comparative 
study. The present study is made to find an eơective model for delaminated stiơened plate and to judge the 
applicability of different existing vibration based damage detection algorithms under different damage scenarios. 
Effort has been made to evaluate the accuracy of the detection algorithms using noise-adulterated data. 
2. Damage detection algorithms  
2.1. Modal curvature (MC) 
In modal curvature type damage detection, mode shapes are measured and the curvature calculated at each node. 
There exists a direct relationship between curvature (κ) and bending strain (ε): 
/y R kyH      (1) 
Where, ε, y, R and κ are the bending strain, transverse deflection, radius of curvature and curvature respectively. 
The curvature of mode shapes (κi) are derived using a central diơerence approximation applied on the mode shape 
data (φi) [13].  
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The concept of modal curvature has been extended to 2-D for the case of aluminum plate. The discrete 
displacement mode shape values are collected from the ANSY S result file and arranged in a m×n matrix (grid) 
form. The curvature of mode shape is calculated using central diơerence technique along each of the grid lines. The 
diơerence between damaged and undamaged curvature is the measure of damage index (DI(MC)) for modal 
curvature. 
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2.2. ULS curvature 
The idea behind uniform load surface is to compute the modal deflection at point ‘i’ under uniform load all over 
the structure. For approximately ‘m’ number of modes the deflection vector at the ith point of the structure is defined 
as: 
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Where,  f i  is the ULS at ith degrees of freedom. 
In central diơerence technique, the ULS curvatures are obtained by Laplacian operator in each of the two normal 
directions of the sensor grid as follows: 
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The damage index is defined as: 
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Where, uxx and uyy are bending curvature in X and Y direction respectively. This method relies on the frequencies 
and mode shapes of the first few modes of the damaged and undamaged plate. 
2.3. Gapped smoothing method (GSM) 
It is a non-baseline based curve fitting technique, where the initial undamaged surface of curvature is assumed to 
be smooth and hence approximated by a polynomial. 
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The coeƥcients (a0, a1, a3 and so on) of the polynomial at each and every point of the sensor grid are calculated 
by using data from the nearby points excepting the point itself in question. The square of the diơerence between 
damaged curvature (kmeasured) and undamaged estimated curvature (kGSM) gives a measure of damage index 
(DI(GSM)). This method can be used in conjunction with modal curvature, GFD or ULS curvature etc.  
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2.4. Wavelet transform  
This method only needs the spatially distributed data (e.g. the displacements or mode shapes). Different wavelets 
can be considered for the analysis. In the present study Morlet has been used as the mother wavelet and the 
corresponding equation is given below: 
2 /2( ) .iat tw t e e V    (9) 
Here ‘a’ is modulation parameter and ‘σ’ is the scaling parameter which affects the width of the window. In this 
method, at first, wavelet transform coefficients are obtained for the mode shape data using standard Wavelet 
transform. Next, the curvature of the coefficient is calculated at each node. The difference between damaged and 
undamaged curvature defines the damage index (DI(WTCC)) for wavelet transform coefficient curvature. 
2.5. Generalized fractal dimension (GFD)  
Fractal dimension can be used as a measure of signal complexity in the vibration domain. An excellent exposure 
to fractal dimension was given by B.B. Mandelbrot [14]. Diơerent fractal dimensions can be used in processing 
signals but the easiest and eƥcient would be to use Katz’s fractal dimension. The Katz fractal dimension can be 
described as follows: 
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Where, n is the number of steps in the curve, d is the diameter estimated as the distance between the first point 
(P1) and the ith point (Pi) of the sequence that provides the farthest distance and L is the total length of the curve or 
the sum of distances between successive points.  But, one of the major problems with FD is that it gives false alarm 
if applied to higher modes of vibration. To overcome this diƥculty, Wang and Qiao [9] proposed a modified FD 
method, termed as ‘generalized fractal dimension (GFD) defined as follows: 
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Modified diameter ݀s and length ܮs are defined as follows: 
2 2 2( ) ( )s i j i i j id max y y S x x        (12) 
2 2 2
1 11
( ) ( )
m
s i j i j i j i jjL y y S x x         ¦   (13) 
A proper value of scale factor (S) should be chosen so that numerical oscillation due to the limitation of computer 
precision does not occur. In our case, a scale factor value of 1000 has been used.  
3. Modelling  
In the present study, a square stiffened aluminum plate of dimension 750 mm X 750 mm X 5 mm and a single 
stiffener of effective dimension 40 mm X 5 mm spanning from one edge of the plate to another (Fig. 1) are modelled 
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using 3-D 8 noded brick elements (SOLID45) in ANSYS 14.0. All the four edges of the plate are given fixed 
boundary condition. A density of 2700 kg/m3, modulus of elasticity of 70 Gpa and Poison’s ratio of 0.33 have been 
considered as the material properties of aluminum. 
One of the key challenges to the simulation is to appropriately model the region of disbond. The principal feature 
of delamination is its rapid opening/closure and the subsequent clapping of the two contacting surfaces. This induces 
non-linearity in the system and to capture this effect the stiffness matrix requires updating.  But, the problem with 
modal/harmonic analysis based algorithms is that these analyses are valid for linear time invariant systems which do 
not allow the stiffness matrix to get updated. In the present analyses, the damage region is modelled by choosing 
internal multipoint constraint (MPC) based contact algorithm in conjunction with bonded surface to surface no 
separation contact definitions, in which TARGE170 and CONTA173 are used as target element and contact element 
respectively.  
Three different cases for stiffener position and damage location have been considered (Table1). Case-1 and Case-
2 defines the scenario of single delamination and Case-3 depicts the problem definition for multiple delaminations.  
 
Table 1. Description of damage cases 
Case Position of Stiffener Location of Delamination Size of Delamination 
1 Middle of the plate Middle of stiffener  20mm, 50mm, 100mm and 
150mm (only one at a time) 
2 One-third (1/3) of plate width One-third length of stiffener (from left) 20mm, 50mm, 100mm and 
150mm (only one at a time) 
3 Middle of the plate Two delamination  regions at 1/3 and 2/3 
length of the stiffener 
 Each of 100mm  
  
  
a 
 
b 
 
c 
 
Fig. 1. Stiffened Plate and Mode shape- (a) Typical model of the stiffened plate with a delamination at the middle of the stiffener, (b) Typical 1st 
mode shape, (c) Typical 2-nd mode shape 
4. Results and discussion  
Extensive studies have been performed by varying the delamination length, noise level and changing the position 
of stiffener and debonding out of which only a few of them are documented here for representation. Although not 
shown here, extensive studies have been made by varying the spacing of sampling. After considerable trial and 
error, 25 mm is found to be the optimum spacing for collection of data. It has also been observed that the effect of 
Gaussian White noise is extremely susceptible to size of the data-set. Although small spacing ensures excellent 
result when the data is devoid of noise, it falls flat in case of high level noise. So, the effect of noise and sample 
spacing is intertwined and 25 mm produces optimum results. 
It can be observed for Case-1 that, all the algorithms give satisfactory results if a single damage is located near 
the centre (Fig. 2, 3, 5 & 6). However GSM tends to pick up the corner points of debonding if the debond length is 
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large (Fig. 4).  
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Fig. 2. Damage index obtained from modal curvature (MC) (2nd mode):  without noise-  (a) 20 mm delamination, (b) 100 mm delamination, (c) 
150 mm delamination; with 80db noise- (d) 20 mm delamination, (e) 100 mm delamination, (f) 150 mm delamination  (Case-1). 
It can also be safely concluded that smaller delamination cases are more affected by noise (Fig. 2 (d), 3 (d), 4 
(d)). It can be seen that the proposed wavelet coefficient curvature produces excellent result even for lower disbond 
length at 80 dB noise and perfectly captures the entire delamination region (Fig. 5).  If we simply plot the wavelet 
coefficients, negative coefficients of high magnitude are observed at the clamped edges. The reason is that there is 
geometric discontinuity at that position so the changes of deflection are larger at that region and these local 
disturbances can also be detected by wavelet analysis. Hence, another approach is followed where the curvature of 
wavelet transform coefficients is being computed. Using both damaged and undamaged data, the difference in 
curvature between the intact and damaged wavelet coefficients is defined as the new damage index.  
 
a 
 
b 
 
c 
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Fig. 3. Damage index obtained from ULS curvature (first 5 modes): without noise- (a) 20 mm delamination, (b) 100 mm delamination, (c) 150 
mm delamination; with 80db noise-  (d) 20 mm delamination, (e) 100 mm delamination, (f) 150 mm delamination  (Case-1). 
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b 
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Fig. 4. Damage index obtained for GSM (2nd mode):  without noise-  (a) 20 mm delamination, (b) 100 mm delamination, (c) 150 mm 
delamination; with 80db noise-  (d) 20 mm delamination, (e) 100 mm delamination, (f) 150 mm delamination (Case-1). 
a 
 
b c 
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d e f 
Fig. 5. Damage index obtained from Wavelet transform coefficient curvature (WTCC) (2nd mode): without noise- (a) 20 mm delamination, (b) 
100 mm delamination, (c) 150 mm delamination; with 80db noise- (d) 20 mm delamination, (e) 100 mm delamination, (f) 150 mm delamination 
(Case-1).  
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b 
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Fig. 6. Damage index obtained from GFD (2nd mode): without noise-  (a) 20 mm delamination, (b) 100 mm delamination, (c) 150 mm 
delamination; with 80db noise- (d) 20 mm delamination, (e) 100 mm delamination, (f) 150 mm delamination  (Case-1). 
A close look at case-2 reveals that, the algorithms are susceptible to location and position of damage. Damages 
closer to the plate centre are easier to locate than towards the edges. Modal Curvature (Fig. 7) effectively points out 
the damage location when the disbond length is not as small as 20 mm. Both ULS curvature (Fig. 8) and GSM (Fig. 
9) tends to produce a high value of damage index at the corner points of delamination but fails to accurately identify 
the extent of disbonding when the disband length is large. However, the proposed wavelet coefficient curvature 
approach continues to give good result even if we shift the location of damage and the stiffener towards the edge 
(Fig. 10). The problem with GFD is its tendency of giving false alarm. It seems to catch the variation in the damage 
intensity in a stiffener but remains insensitive to the position of stiffener. If we change the position of stiffener from 
the middle, it does not show the damage location correctly but tends to be shifted towards the middle (Fig. 11). 
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a 
 
b 
 
c 
 
Fig. 7. Damage index obtained from modal curvature (MC) (2nd mode): with 80 db noise- (a) 20 mm delamination, (b) 100 mm delamination, (c) 
150 mm delamination  (Case-2). 
a 
 
b 
 
c 
 
Fig. 8. Damage index obtained from ULS curvature (first 5 modes): with 80 db noise- (a) 20 mm delamination, (b) 100 mm delamination, (c) 150 
mm delamination  (Case-2). 
a 
 
b 
 
c 
 Fig. 9. Damage index obtained from GSM (2nd mode): with  80 db noise- (a) 20 mm delamination, (b) 100 mm delamination, (c) 150 mm 
delamination  (Case-2). 
a 
 
b 
 
c 
 
Fig. 10. Damage index obtained from wavelet transform coefficient curvature (WTCC) (2nd mode): with 80 db noise- (a) 20 mm delamination, 
(b) 100 mm delamination, (c) 150 mm delamination  (Case-2). 
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Fig. 11. Damage index obtained from GFD (2nd mode): with 80 db noise- (a) 20 mm delamination, (b) 100 mm delamination, (c) 150 mm 
delamination  (Case-2). 
In Case-3 it has been observed that, all the algorithms, except GFD, effectively identify the damage location but 
the best result is produced by the proposed wavelet transform coefficient curvature (Fig. 12). A general proclivity to 
produce a high damage index has been observed for all the cases apart from GFD. GFD fails to correctly 
differentiate between two closely-spaced delamination locations and produces a single high damage index at an 
average distance (Fig. 12 (e)).  
 
a b 
 
c 
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e 
 
Fig. 12. Multiple delamination (with 80db noise): (a) Modal curvature (MC), (b) ULS curvature, (c) GSM using modal curvature, (d) Wavelet 
transform coefficient curvature (WTCC), (e) GFD (Case-3). 
5. Conclusion 
The purpose of the present work is to study the performance of different linear vibration-based damage detection 
algorithms in the context of delamination detection depending on four different criteria, namely, variation of 
delamination length, position of stiffener and delamination, noise sensitivity and capability of multiple damage 
detection. MPC based bonded surface to surface contact model is used to accurately model the delaminated region. 
After considerable trial and error 25 mm data spacing is used for the present analyses.  
It can be observed that Gapped Smoothing Method, being non-baseline based, holds a promising position. 
However, it has a problem of showing corner damages instead of indicating the overall delaminated region. Both 
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modal curvature and ULS curvature gives promising result for single delamination for all the cases. However, the 
best result is produced by the proposed wavelet coefficient curvature approach. It accurately locates the location and 
extent of damage both for single and multiple delamination cases even in the presence of 80 dB noise. GFD tends to 
give false alarm when the delamination location shifts away from the centre. GFD, as shown in Fig 12(e), fails to 
properly identify and single out two closely spaced damage locations. The efficiency of the algorithms also depends 
on the mode of vibration used for the algorithm and on the position of damage.  
More in-depth studies are required to properly understand and evaluate the performance of different algorithms 
for more complex structures and for other types of damages (saw-cut, impact, bolt loosening etc). Gapped 
Smoothing method has been employed here with modal curvature using a polynomial approximation function as the 
base. However, it can be used with other curvature based techniques and more appropriate approximation functions 
could be chosen (Chebyshev polynomial etc). Finally, the proposed wavelet coefficient curvature has been found to 
be extremely effective for all the damage case scenarios. It is capable of (1) identifying a single damage anywhere in 
the plate structure, (2) accurately locating the position of closely-spaced multiple damages, (3) pin-pointing the 
extent of damage and also (4) showing less sensitivity towards noise. 
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